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Abstract 
Enjoyment and participation in physical activity is often hindered by fear of injury. In particular, the muscles and joints in the 
lower limbs suffer from a higher likelihood of injuries due to muscle and ligament overloading/straining. High-end compression 
gear is currently limited only to providing passive muscular and vascular exercise response. Smart Apparel introduces the 
integration of a pressure mapping system into a compression garment, further extending its functional support in a range of 
applications, from an indispensable training aid within competitive sports through to the health industry. The purpose of this 
research was to investigate the design considerations and developmental steps necessary in developing such a ‘Smart Garment’ 
for monitoring muscle and limb activity. It investigates the use of a novel approach to quantifying muscular exertion and loading 
through the measurement of surface pressures between a target muscular group and a compressive elastic garment. Surface 
pressure information about muscle loading is detected for both running and cycling, where the repeatable and quantifiable nature 
of the data aids in the modification of behaviours that predispose athletes to injury; thereby minimising injury risk, reducing 
recovery times, and maximising training potential. 
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1. Introduction 
The analysis of exercise performance has long since surpassed the sole interest of sports bio-mechanists and 
health practitioners; it has now become commonplace for the average consumer to capture and analyse their personal 
activity data. Motives for such behaviour differ, yet increasing sales of wearable fitness trackers and smartphone 
solutions are a testament to this paradigm shift [1]. To contrast the current magnitude of fitness tracking solutions, 
one only has to look back a decade where consumers were once content to track activity through a single information 
stream; the heart rate. As both technology and consumer tastes evolve, the once prominent lines between Clinical 
and Consumer measurement systems have become blurred. Constant progression of instrumentation simplification 
and miniaturisation has led to once cost-prohibitive technology solutions to be widely affordable to the mass public. 
Increasingly we see not only consumer devices but also sporting garments that are adopting this trend and spanning 
these now blurred lines; Smart- Watches, -Headbands, -Socks, etc.  
Of particular focus to the research team is that of the progressive developments in compression apparel. Novel 
approaches in material-based sensor technology now allows for the integration of soft sensors within compression 
garments, creating smarter apparel with the ability to record, store, stream and deliver high-end muscle and joint data 
for real-time user feedback. Current passive compression garments provide little to no feedback on performance and 
behaviour to the wearer, functioning mainly as a proprioceptive aid during recovery [2]. The prominence of these 
garments within the sporting industry does provide the avenue for instrumentation of the athlete. Where monitoring 
select muscle groups and joints within a smart garment allows for the opportunity to move from lab-based analysis 
to a wearable platform where evaluated performance is done within the athlete’s training environment. 
Within this field there exists both upcoming start-up and well-established ventures exploring the development of 
smart compression apparel. Available consumer garments in the market from companies such as Heddoko 
(heddoko.com), Myontec (myontec.com/en) and Athos (liveathos.com) pursue the measurement of movement 
through a combination of Electromyography (EMG) and MEMS based inertial sensors, relying upon the groundwork 
from the medical and gaming industry. These systems depend highly on calibration accuracy and correct installation, 
preparation and placement [3]. In the view of the authors and others [4], the current systems must overcome strong 
development challenges with sensors-based activity recognition to achieve the complete transition of clinical 
accuracy into an affordable consumer-focused garment, including the restrictions due to cost, reliability, and 
correlation to clinical grade results.  
 
1.1. Novel Muscle Measurement  
This research follows the investigation of an alternative method for measuring muscle and limb performance, 
where a key focus is placed on the surface pressure changes experienced under a compression garment during 
activity. It is anticipated that by monitoring and mapping this pressure with garment-integrated sensors, real-time 
analysis of muscular activity and limb behaviour is possible. Material-based sensors were selected for integration as 
a means of increasing unobtrusiveness to the wearer, providing a durable, resilient, and highly cost-effective as a 
system for measurement of the pressure changes.  
Monitoring a compression garments pressure alone is not a novel technique; significant approaches have been 
taken within the fields of garment research to optimise the effectiveness of compression garments [5], and the 
resultant ranges of pressure they provide during use [6]. The proposed research builds upon earlier work by McLaren 
[7] and the Skins Compression Garment Company in the development of a separate wearable system measuring 
pressures for gradient compression garment design.  Where this research deviates is the investigation of an integrated 
garment-sensor system, where the direct pressure variations due to muscle and limb behaviour become the focus of 
measurement, not the garment. In this way the research also follows developing work by Đorđević [8] in their 
Tensionmyography technique of determining muscle tension from skin indentations by a discrete load cell attached 
to the skin. However with a focus placed on continuous movement analysis, rather than discrete evaluation of the 
muscle activity under a single action. 
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2. Smart Garment Development 
2.1. Measurement Apparatus 
To accomplish the associated research an off-the-shelf compression garment (Skins A400 Leggings) was 
integrated with 6 pressure sensing nodes capable of measuring pressure between compression fabric and skin above 
several key muscle groups, an additional pressure sensor was used to assist in the determination of Knee Flexion 
Angle (KFA). All sensors were constructed from the piezoresistive (conductive) polymer material (Rmat2a, RMIT 
material code), which was calibrated extensively before selection through force plate correlation, and video analysis 
using Kinovea (kinovea.org) visual tracking software for KFA.  
To measure the respective signals from the sensors, a Teensy 3.1 microcontroller was utilised along with a voltage 
divider circuit where the selected resistance allowed for the calibrated measurement of the pressure applied. This 
was repeated for all 7 analog input ports that were utilised to perform the necessary analog-digital conversions 
(ADC) for each sensor. To allow for wireless transfer of data from the circuit to a supporting computer for 
visualisation and data logging, a Bluetooth unit was incorporated within the circuit along with a lithium-polymer 
battery as a power source. Sensors were placed above key muscle groups in the leg. These muscle sites were chosen 
predominately for their level of muscle activation during the test activities, and resultantly high differential in 
pressure change at the muscle belly centre. The sensors were held in place on the inside of the garment with 
elasticised sports tape, with all power and signal lines routed to the electronics module positioned at the waistband 
of the garment. Each of the sensors were possible was placed at the muscle belly centre during maximal contraction 
to allow for the greatest differential in measured pressure. The seven sensors were positioned on the right leg of the; 
 
• Quadriceps muscles  (Rectus Femoris, Vastus Lateralis),  
• Hamstrings muscles (Biceps Femoris, Semitendinosus), 
• Calf muscles  (Soleus, Gastrocnemius), 
• Knee   (Patellar tendon) 
 
The collection, display and recording of data were performed by a custom java-based software program 
SmartWear, written by the research team (Processing.org). This allowed the direct visualisation of raw (or 
converted) data output to a laptop screen whilst the tests were performed, providing an additional system for alerting 
the wearer of real-time conditions as measured by the garment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Smart Apparel in action whilst cycling (tethered) 
J.S 
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2.2. Calibration of the Garment to a user 
Muscle capability and performance has long been associated with the visual size and bulge of a muscle; i.e. 
bodybuilding. Current techniques do not focus on the measurement of this associated change in muscle shape and 
size under contraction. This is largely due to the accuracy achievable in measuring electrical (EMG) or vibrational 
motion (Mechanomyography, MMG) of the muscles. This accuracy however comes at the cost of complexity and 
portability, reducing the functionality of these systems outside of clinical environments.  
Through the measurement of surface pressure the research team aims to create a portable monitoring solution that 
requires minimal setup (installation and calibration) over its alternatives, and provides direct real-time feedback of 
muscular and limb performance to the individual. As a consequence of the direct feedback, a “real-world” metric, 
whilst achievable through comparative calibration, is no-longer paramount to the accuracy of the system. Rather 
importance is placed upon the biofeedback signal’s intuitive relevance to the wearer in understanding their 
behaviour. In this way the relevant loading of a muscle can be calibrated and conveyed from a Muscle Relaxed State 
(MRS) of 0% effort, to Maximal Voluntary Contraction (MVC) at 100% effort. Providing a wearer with a scaled 
percentage of muscular exertion is significantly more intuitive and perceptible as a biofeedback signal when 
compared to the standard scientific measurements the garment records (N, Pa, mmHg, etc), however these 
measurement  are recorded for the opportunity of detailed analysis post-activity. 
It is necessary to note that MVC is not the maximal limit of a muscles exertion; it is possible for muscular 
exertions to exceed this value during exercise (ie >100%). Muscular activity within this involuntary contraction zone 
is not necessarily damaging, yet if substantial activity forces the user to regularly exceed their MVC threshold, it is 
expected that injury likelihood though overload or straining will increase.   
 
 
 
 
 
Fig. 2. Measured ranges of pressure from the garment  
2.3. Development of a biofeedback system 
With currently no compression garment capable of entirely assessing active muscle loading, knee ligament strain 
and co-contraction of paired muscles the research team has undertaken development of an information processing 
system that allows for the real-time monitoring of an individual providing a greater understanding of the lower body 
soft tissue loads. The research team has begun the early development of a muscle and injury management system, 
where prevention of injury due to excessive inefficient activity is sought by providing sufficient and succinct 
information to an athlete during a performed activity. At present this system in the form of the SmartWear software 
package provides basic feedback to the user through set threshold values which provide real-time auditory tones and 
visual indication in graphical display linked to the output from the garment based on level of surface pressure 
activity. Where this research presents outputs from the smart compression apparel only relating to changes in 
surface pressure of the body, further research investigates the correlation of the surface pressure to direct muscle 
loads and limb position [10], with the resultant cruciate ligament loading [11] which allows for the system to aid in;  
• Monitoring of muscle activity, load, and balance (leg load distribution) 
• Assessment of co-contraction of muscle groups 
• Alerts to high muscle load and levels of co-contraction 
• Monitoring and alerts to ligament loading 
Future developments of the management system will investigate the challenges and solutions used in similar 
fields of preventative support (diabetes, heart management) where a user-centered design approach has yielded 
significant improvements into the impact and effectiveness of the critical data relayed to a participant [9]. 
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3. Results and Discussion 
A participant was tasked with calibrating the garment system by performing a set exercise routine under which 
maximal and minimal voluntary contractions were recorded for all sensors. The calibrated range of pressure allowed 
for the quantification of exertion levels both within and outside the MVC range as the participant performed 
additional activities whilst wearing the garment. These activities included; 
• Treadmill Walk/Run: Speed from 6-15 kph (3 kph step increases) 
• Cycling Trainer: Cadence from 30-120 rpm (30 rpm step increases)  
 
An example of the data captured through these tests can be seen below in Figure 3a, 3b. Each signal is normalised to 
the maximal and minimal recorded values. The red selection window provides an indication of; a single gait cycle 
whilst running (Figure 3a), or four crank revolutions on the bicycle (Figure 3b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Normalised muscle response data during (a) Running; (b) Cycling. 
 
A. 
B. 
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As can be seen in data from Figure 3, the system captures and exhibits repeatable characteristics of the individual 
pressures associative with the corresponding muscle action as they are activated throughout the activity. Through the 
use of internally built and calibrated sensors over commercially available Force-Sensitive resistors (FSR’s) the 
issues of excessive signal noise seen to plague the data in McLaren [7] was overcome.  
Although a comparison to true cycling and running (non-treadmill, -trainer) will be necessary, due to the artificial 
nature of both the treadmill and bike trainer, the data aligns with the recorded muscle activation time periods shown 
in literature for running [12].  This can be seen in Figure 3a where the quadriceps muscles (Rectus Femoris, Vastus 
Lateralis) activate twice per gait cycle, whereas the hamstring muscles (Biceps Femoris, Semitendinosus) activate 
once throughout the running gait.  
The restrained nature of cycling further shows an accurate reflection of the muscle activation timing, where each 
muscle is activated at alternate stages of the cranks revolution. The pressures associated with the sensor positioned 
on the patellar (Knee) and calf muscles (Gastrocnemius, Soleus) can be seen clearly in Figure 3b to follow each 
revolution with timed peaks. 
  
4. Conclusions 
Initial research into the development of Smart Apparel has yielded positive results into its viability as a muscle 
diagnostics and injury prevention garment through its novel approach to quantifying muscular exertion and loading.  
Preliminary testing of the surface pressures between a target muscular group and a compressive elastic garment 
shows repeatable pressure change that can be measured and normalized to a user’s muscular exertion levels, 
allowing for the real-time feedback of key muscle, ligament and joint loading conditions. This biofeedback tool can 
be further developed to assist an athlete in mitigating potential injury conditions and further enhance the quantifiable 
nature of their activity. The research team will continue further work into the correlation of the associated movement 
to that of the known muscle force through inverse dynamics calculations, and also to another forward dynamics 
system, namely EMG, where direct forces are attributed to the loading of the muscle based upon surface pressure. 
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